Plants regulate their shape and movements in accordance with their surrounding environment. This regulation occurs by a curving movement driven by differential growth. Recent studies has unraveled part of the mechanisms leading to differential growth though lateral polar auxin transport. However the real interplay between elongation, curvature variation, and accordingly the regulation process of growth distribution has not been really investigated so far. This issue is addressed in this study through gravitropic experiments on wheat coleoptiles, using a recently published kinematic approach, KimoRod. Here we show that median elongation is not affected by gravitropic perturbation. However kinematics studies reveal temporal oscillation of the median elongation rate. These oscillations propagate from the apex to the base during the movement with a characteristic velocity that is similar to auxin propagation in coleoptiles. The curvature variation exhibits a similar spatiotemporal pattern to the median elongation which reveals a nontrivial link between this two parameters and potential effect on perception and biomechanics of the tissue. 7 interpreted using the Cholodny Went qualitative model. A modern point of view on the 8 Cholodny-Went theory could be expressed as follow: Auxin, stimulating the growth of 9 the cell, is redistributed asymmetrically inside the organ, according to the 10 environmental stimuli (light or gravity for instance). This results in a difference in 11 growth rate between opposite side of the organ and the bending of the organ [2, 3]. 12 Experimental works have given evidence to the validity of this theory and the 13 biochemistry of this problem is now well known [4, 5]. 14 The first environmental factor that plants need to handle, in order to catch 15 resources, is gravity [1, 6]. Roots are oriented downwards, to reach nutriments, while 16 PLOS 1/15 aerial organs are oriented upwards, to reach light. Studies on the kinematics of 17 gravitropic movement have primarily focused on root, neglecting aerial organ [7-9]. But 18 roots leaned inside the ground. The direction of the apical part only is regulated. The 19 perception happens in the root cap and the curving is restricted to a small zone in the 20 distal elongation zone [10]. On contrary aerial organ stand up in the air and the 21 PLOS 2/15 An exponential function, A(s , t) = exp −s /Lc , is then fitted, and gives the characteristic 130 length of the curved zone. B can then be obtained directly from eq. 3. 131 Periods of oscillation 132 As the signal could be really noisy, the time between non-successive peaks of elongation, 133 respectively of the curvature variation, T p has been measured. The period of the 134 oscillation, T , is then given by the ratio of the time T p by the number n of periods 135 T = T p n (6) Velocity of pulses propagation 136 The relative elongation growth rate of the median line,Ė(s, t), or the curvature 137 variation, DC(s, t)/Dt, are represented on spatiotemporal kymograph. They are then 138 thresholded to get the position of the maxima, respectively the minima, of the 139 PLOS 6/15
Introduction 1
In a fluctuating environment organisms must constantly regulate their posture [1] . 2 Plants being usually clamped to the soil through their root system, their postural 3 control is directly related to the movement they display during development. The local 4 curvature of the plant organs is modified according to external and internal stimuli in 5 order to change the spatial organization of the plant. These movements are driven by 6 variation in growth between opposite side of the organ [2] . This asymmetry is currently regulation of the posture is critical to reach specific spatial orientation. Here, both the 22 perception and the active tropic curving is possible all along the elongation zone [6, 10] . 23 Experiments have focused on the first instants of the gravitropic reaction [11] [12] [13] , 24 neglecting the rest of the gravitropic movement. Others experiments have focused on 25 the apical orientation [12] [13] [14] , neglecting the influence of the basal curvature on the 26 apical orientation [2, 15] . This long-range effect of the basal curvature on the apical 27 orientation prevents to relate directly observations of the apical orientation with the 28 underlying dynamics of the plant organ. 29 Recently, we proposed to couple theoretical considerations with experimental 30 kinematics [3, 15] . A general behavior of the gravitropic movement has been observed 31 among different species and organs and its control has been formalized in a unifying 32 model called the AC model. Gravitropism was shown to be only driven by a unique 33 number, B, "balance number", which expresses the ratio between two different 34 perceptions: perception of gravity and proprioception. Proprioception is described as 35 the ability of the plants to sense its own shape and responds accordingly, i.e. the organ 36 can perceive its own curvature and modify its differential growth in order to remain 37 straight [16] . If the number B is small, then proprioception tends to dominate the 38 movement and the organ does not reach the vertical. On the contrary if B is large the 39 organ oscillates around the vertical before the apical part is aligned with the gravity 40 field. A simple relation between the final shape of the organ and the movement 41 displayed has allowed to measure this number B through simple morphometric 42 measurement.
43
This unifying model of gravitropism only accounts for a first order of the movement; 44 If the previously described general pattern is observed in every plants and species 45 studied in [3, 15] , experimental variations are often observed. In particular, plants tend 46 to present a stronger regulation of the movement than predicted by the AC model.
47
Many plants and organs does not overshoot the vertical in contradiction with prediction 48 from morphometric measurement. The existence of a stronger and finer regulation is 49 then expected. A joint regulation of longitudinal (median) elongation as well as of 50 differential growth may be implied. As the movement is related to the available 51 elongation, this regulation could not be understood properly without a clear and 52 complete kinematics of the movement. Here we propose to study the kinematics of an 53 organ in movements in order to identify new regulations that are linked to the postural 54 control.
55
Experiments on wheat coleoptiles were conducted ( Fig. 1 ). This choice have been 56 influenced by the following factors : i. The organ never overshoot the vertical even for 57 large B [3] . ii. Coleoptiles are mostly cylindrical organs without leaves or cotyledons. It 58 is then easier to process image analysis than on an inflorescence, a hypocotyle or a stem 59 where lateral organs could hide some part of the studied organ. iii. The organ is a 60 germinative organ. It can be grown in the dark. Experiments can be conducted in the 61 absence of light without modifying the normal physiological behavior of the organ.
62
Thereby, phototropic effect can be avoided. 63 We recently developed a new tool to get the whole kinematics of an organ in 64 movement, KimoRod [17] . This tool is based on the edge detection of the organ through 65 a precise subpixellar algorithm. The median line is obtained with a very precise 66 approximation by voronoi skeletonisation. From this median line, orientation and 67 curvature is taken along the median line, by derivation on the curvilinear abscissa, without interpolation. Finally, the elongation is obtained by a modified PIV algorithm 69 (the Rod-PIV), where the sub-window of correlation is moved along the median line.
70
The use of an accurate and precise tool to measure organ growth and curvature 71 opens the way to observe more details about the growth process. For instance, auxin is 72 known to propagate from the apex to the base, at least during the first instants of the 73 gravitropic response [4] . It has also been postulated that ultradian growth oscillation 74 might be observed in relation to the dynamics of the growth process itself [18, 19] . The 75 spatial and and temporal resolution of KimoRod should be sufficient to observe those 76 mechanisms. allow the coleoptile to start to grow upward, straight and vertical with minimal initial 83 curvature. When the coleoptile is 10-20 mm long, it is placed in front of a camera 84 (Olympus SP-550UZ or SP-560UZ) in the same conditions of temperature and darkness. 85 Each coleoptile was sprinkled with non-toxic Orange fluorescent markers used as tracer 86 particles for kinematics measurements (dry painting pigment Sennelier 648) ( Fig. 2 ).
87
Time-lapse photography was taken every 15 minutes during 24 hours with the flash 88 light of the camera filtered by a "safe" green light filter (Lee 139 Primary Green). 89 Preliminary experiments showed that the intermittent green flashlight did not induce a 90 phototropic movement (the coleoptile is not directed towards the flash) neither any 91 greening. The markers did not alter elongation or bending of the organ. In an elongating organ, only the part inside the growth zone of length L gz from the apex is able to curve (with L gz = L at early stages and L gz < L later on). A(s, t) is the local orientation of the organ with respect to the vertical and C(s, t) the local curvature. The two curves shown have the same apical angle A(0, t) = 0 but different shapes, so to specify the shape we need the form of A(s, t) or C(s, t) along the entire median line. Due to the symmetry of the system around the vertical axis, the angle A(s, t) is a zenith angle, zero when the organ is vertical and upright. For simplicity, clockwise angles are considered as positive.
Kinematics 106
The kinematics of the movement is obtained with the use of the KimoRod software [17] 107 (see Fig.3 for the geometry of the system). This software gives the median line of the 108 organ and its curvilinear abscissa s from the apex to the base. The orientation from the 109 vertical at each point along the organ is given for each picture A(s, t). The curvature of 110
the organ C(s, t) is then given by the derivative of the orientation along the median
The relative elongation growth rate of the median line (REGR) is obtained by a 112 subcorrelation techniqueĖ(s, t). It is then possible to compute the material derivative 113 of the curvature, the derivative following the materials point [2, 3, 6, 17] . According to As proposed in [15] , the balance number B can be measured as the ratio between the 119 length of the growth zone L gz and the length of the curved zone length of the curved of 120 the zone at steady state (when the organ reach an equlibrium shape), L c
On each experiment the relative elongation growth rate of the median line (REGR) as a 122 function of the distance from the apex (s),Ė(s, t) is averaged over time
where t 0 is the time at the beginning of the experiment and t f the time at the end of 
oscillations. Each clouds of points is then fitted with a line, so that the position of the 140 pulse along the median line, P(t), can be described by 141
where v p is the velocity of propagation of the pulse from the apex to the base and t p is 142 the time of the pulse start.
143

Results
144
Curvature and orientation The straightening movement of a wheat coleoptile is consistent with the generic 146 pattern formalized in the AC model [15] and already observed in several other species of 147 plants [15] (as observed on the kinematics of orientation and curvature Fig. 4 ). After The gravitropic perturbation did not modify these oscillations, as the temporal period is 164 comparable TĖ = 2.3 ± 0.3h for unperturbed coleoptile and TĖ = 2.1 ± 0.3h for tilted 165 coleoptiles.
166
This oscillatory behavior reveals a propagative mechanism of the elongation from the 167 apex to the base. The apex starts to elongate before the more basal part. The velocity 168 of propagation of the maximal elongation was comparable in all the experiments 169 v p = 12.6 ± 4.4mm.h −1 for the elongation (Figure 6 ).
170
A global view of the elongation along the organ can be obtained by the averaged 171 elongation over time along the curvilinear abscissaĖ a (s). This distribution has then 172 been averaged on all experiments . The results are presented on Fig 7. A. There is no 173 significant difference on the values of the elongation (p = 0.24), in both case most of the 174 elongation is localized near the apex, and the elongation is maximal around 5mm from 175 the apical part. The median elongation is independent of the direction of the organ.
176
Curvature variation and its relation with the elongation pattern 177
Temporal oscillations are also observed between curving phase in one direction (e.g.
178
DC/Dt > 0) and in the other direction (DC/Dt < 0) ( Fig. 5.B and D) . This pattern is 179 really similar to the pattern observed for the elongation (Fig. 5.A and C) . Small 180 oscillations are not a direct property of the gravitropic movement ( Fig. 5 .D) as they are 181 also observed when the coleoptile remain vertical (Fig. 5.B) . But the magnitude of the 182 PLOS 8/15 oscillation is smaller than in the tilted case. The averaged value of the absolute 183 variation of curvature is indeed different when the coleoptile is tilted or curved (p ∼ 0) 184 (Fig.7.B ). During the first hours, the tilted coleoptile display a strong curvature 185 variation all along the stem. This is followed by a strong curvature variation in the 186 other direction, which can be associated to a straightening process. The base is still 187 curving (note that in the non-elongating part there is no curvature variation). At the 188 end of the straightening movement, the amplitude of the oscillation become similar to 189 those observed in the untilted case.
190
The periods of the oscillations are comparable (T DC = 2.3 ± 0.3h) for untilted 191 coleoptile and for titled coleoptile (T DC = 2.3 ± 0.2h) ( Fig. 6 ). For each individual 192 coleoptile, one can see a strong correlation between the frequencies of the oscillations of 193 the REGR and of the curvature variation ( Fig. 8 ). Furthermore the curvature variation 194 propagates from the apex to the base. The velocity of propagation was comparable in 195 all the experiments (Fig. 6 ). For tilted coleoptiles, the correlation of the median 196 elongation rate pattern with the material curvature variation pattern is also mostly 197 negative ( Fig. 8.D) . This negative correlation implies that the coleoptile tends to 198 straighten when the elongation rate is maximal whereas the coleoptile curves when the 199 elongation rate is small ( Fig. 5 and 8 ). In the case of untilted coleotpiles, the low values 200 of the curvature variation prevents to see this correlation ( Fig. 8 .C), but this correlation 201 remains visible on the correlation of the oscillatory periods ( Fig. 8 .A). This study reveals an oscillatory behavior of the relative elongation growth rate on 214 the median elongation (REGR) of the wheat coleoptile,Ė(s, t). Tobias Baskin [19] has 215 discussed the existence of ultradian oscillatory mechanism of growth but, these were found as the kinematics only focused on the movement of the apical part of the 240 coleoptile. Our current observation provides a simple basis to this behavior. Global 241 measurements, such as the apical orientation, must be taken carefully as they can hide 242 more general local mechanisms such as oscillatory behavior and non-trivial relation 243 between curvature variation and elongation (see [17] for a discussion on the limits of 244 tracking the apical part of the organ only).
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245
The characteristics of the oscillations of the curvature variation are similar to those 246 of the relative elongation growth rate on the median line. This relation is not trivial 247 indeed. The curvature variation can be expressed as a function of the elongation rate [3] 248
where ∆(s, t) accounts for the distribution of the differential growth on each side of the 249 coleoptile. While ∆(s, t) can be measured as the ratio between the variation of 250 curvature and the elongation rate
this measure tends to be very noisy. However the regulation of the gravitropic 252 movement and the mechanism under the non-trivial link between elongation and 253 curvature variation can be discussed from the measurement of the elongation rate 254 E(s, t) and the curvature variation DC(s,t)
Dt
. As no global shrinking of the organ is 255 expected,Ė(s, t) is always positive. The local elongation rate can only modulate the 256 amplitude of the curvature rate but not its sign, the direction in which the organ is 257 curved can not be changed. As the curvature variation goes in different way depending 258 on the elongation oscillation, the differential growth term ∆(s, t) must be correlated to 259 the variation ofĖ(s, t).
260
To understand this non trivial correlation, different hypotheses can be postulated.
261
For instance, the general model of gravitropism has been described to be dependent on 262 two different parameters acting in an opposite way so that a dynamical equilibrium can 263 be reached [15] . Graviception tends to curve the coleoptile in order the stem to be 264 vertical whereas proprioception tends to straighten the stem. Depending on the value of 265 the elongation rate, one perception process could dominate the others.
266
Recent studies on the acto-myosin complex can provide a molecular and mechanistic 267 point of view on this question. It is now well known that the graviception is directly 268 related to the actin cytoskeleton [5, 29, 30] . The disruption of the actin cytoskeleton by 269 the use of drugs could enhance the response to the gravity, which would have then a 270 direct effect on the value of the graviceptive term β. A similar and opposite effect have 271 recently been revealed on the straightening of Arabidopsis inflorescence [31, 32] . A 272 straightening deficiency is observed when the myosin complex is disrupted. The 273 influence of the proprioceptive term, γ, is then expected to be reduced. Finally the 274 configuration of the actin cytoskeleton is directly linked to the available auxin [28, 33] . 275 This is amplified by an active feedback where the transport of the auxin is enhanced by 276 the actin cytoskeleton. This would provide a simple explanation of the observed relation 277 between curvature variation and elongation rate, where graviception and proprioception 278 can dominate different part of the dynamics due to the opposite effects of the 279 actin-myosin complex and its relation with auxin.
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